EBV BARF1 gene encodes a secretory protein with transforming and mitogenic activities. In this report, the post-translational modification, folding, maturation and secretion of BARF1 are systematically studied by sitedirected mutagenesis and overexpression of the protein in mammalian cells using the vaccinia/T7 system. The protein was shown to be post-translationally modified by N-linked glycosylation on the asparagine 95 residue. This modification was confirmed to be essential for the maturation and secretion of the protein. Analysis of the four cysteine residues by site-directed mutagenesis demonstrated that cysteine 146 and 201 were essential for proper folding and secretion of the protein. To search for human proteins involved in the maturation process of the protein, a yeast two-hybrid screening was carried out using the BARF1 sequence from amino acids 21-221 (BARF1D) as bait, leading to the identification of human hTid1 protein as a potential interacting protein. This interaction was subsequently confirmed by coimmunoprecipitation and dual immunofluorescent labeling of cells coexpressing BARF1 and hTid1, and the interaction domain in hTid1 was mapped to amino acids 149-320. Interestingly, coexpression of BARF1 with hTid1 demonstrated that hTid1 could promote secretion of BARF1, suggesting that hTid1 may act as a chaperone to facilitate the folding, processing and maturation of BARF1.
Introduction
Epstein-Barr virus (EBV), a ubiquitous human herpesvirus, is normally restricted to B-lymphocytes and epithelial cells. Epstein-Barr virus infection is associated with several cancers of lymphocytic or epithelial origins, including nasopharyngeal carcinoma (NPC), Burkitt's lymphoma (BL) and Hodgkin's lymphoma. Six EBV genes, EBNA1, EBNA2, EBNA3A, EBNA3C, LMP-1 and EBERs are essential for immortalization of B lymphocytes (Kieff, 1996) . In EBV-immortalized epithelial cells, the expression of five genes, EBNA1, EBERs, LMP2A, BARF1 and BARF0, was reported (Nishikawa et al., 1999; Danve et al., 2001) .
BARF1 gene is located at nucleotide positions 165 449-166 189 of strain B95.8, encoding a protein of 221 amino acids with a calculated molecular mass of 24.47 kDa (Zhang et al., 1988) . This protein may play diverse functions in immunomodulation and oncogenicity, including as a functional receptor for the human colony-stimulating factor (hCSF-1) (Strockbine et al., 1998) , inhibition of interferon-alpha secretion from mononuclear cells (Cohen and Lekstrom, 1999) , and induction of malignant transformation in Balb/c3T3 cell line (Wei and Ooka, 1989) as well as in EBV-negative human Louckes and Akata B cell lines (Wei et al., 1994; Sheng et al., 2003) . In addition, primary monkey epithelial cells were shown to be immortalized by BARF1 (Wei et al., 1997) .
BARF1 was expressed in EBV-immortalized epithelial cells in the absence of the expression of LMP-1 (Danve et al., 2001) , which is essential for B-cell immortalization (Kieff, 1996) . In rodent fibroblasts, the first 54 amino acids of BARF1 were shown to be able to transform cells and activate Bcl-2 expression (Sheng et al., 2001) . Although BARF1 was a lytic gene in B-lymphocytes (Zhang et al., 1988; Decaussin et al., 2000) , its expression was detected in NPC and EBVpositive gastric carcinoma (GC) tissues in the absence of the expression of other lytic genes (Seto et al., 2005) . It suggests that BARF1 may be expressed as a latent gene in these carcinoma tissues. The secreted form of BARF1 can act as a growth factor in vivo (Sall et al., 2004) . It could inhibit alpha-interferon secretion from mononuclear cells (Cohen and Lekstrom, 1999) and has mitogenic activity in vivo (Sall et al., 2004) .
The human homologue of the Drosophila tumor suppressor lethal (2) tumorous imaginal disc 1 (l(2)tid) gene, hTid1, encodes two proteins (hTiDL and hTiDS) of 43 and 40 kDa by alternative mRNA splicing (Syken et al., 1999) . Human hTid1 protein interacts with a diverse of viral and cellular proteins, and regulates the functions of these partner proteins. Examples include its interaction with a molecular chaperone complex containing Tax and Hsp70 (Cheng et al., 2001 ) and repression of the Tax-induced transactivation of nuclear factor kB (NF-kB) (Cheng et al., 2002) , interaction with herpes simplex virus type 1 (HSV-1) nuclear protein UL9 and enhancement of the binding of UL9 to the viral genome (Eom and Lehman, 2002) . It is also a cellular target of the oncogenic protein E7 of human papillomavirus type 16 (HPV16) (Schilling et al., 1998) and viral transforming protein Tax of human T-cell leukemia virus type 1 (HTLV-1). Cellular proteins that were identified to interact with hTid1 include Jak2 tyrosine kinase (Sarkar et al., 2001) , Erb-2 receptor tyrosine kinase (Kim et al., 2004) and TPR/MET tyrosine kinase (Schaaf et al., 2005) .
In this report, we show that BARF1 is posttranslationally modified by N-linked glycosylation on the asparagine 95 residue. This modification was confirmed to be essential for the maturation and secretion of the protein. Analysis of the four cysteine residues by site-directed mutagenesis demonstrated that cysteine 146 and 201 residues were also essential for proper folding and secretion of the protein. Furthermore, human hTid1 protein was identified as a potential interacting protein of BARF1 by yeast two-hybrid screening, and the interaction was subsequently confirmed by coimmunoprecipitation and dual immunofluorescent labeling of cells coexpressing the two proteins. Interestingly, coexpression of BARF1 with hTid1 demonstrated that hTid1 could promote secretion of BARF1, suggesting that hTid1 may act as a chaperone to facilitate the folding, processing and maturation of BARF1.
Materials and methods
Yeast two-hybrid screening Plasmid pGBKT7-BARF1D was used as bait in a yeast twohybrid screening. The yeast strain AH109 was transformed by lithium acetate method and expression of the bait protein was confirmed by Western blot. The cDNA library was sequentially transformed into yeast expressing the bait protein, and transformats expressing both the bait and interacting prey proteins were selected on Trp-, Leu-, His-, and Ade-minus plates by incubation at 301C for 5 days and confirmed by testing for b-galactosidase activity using the filter lift assay. Subsequently, constructs containing the interacting prey proteins were isolated from positive yeast colonies, transformed into Escherchia coli strain MC106 by electroporation, and the positive inserts were determined by sequencing. The potentially interesting interactions were further verified by switching the bait and prey constructs and re-checking by growing on Trp-, Leu-, His-, and Ade-minus plates and by testing the b-galactosidase activity.
Coimmunoprecipitation
HeLa cells transfected with appropriate plasmids were lysed by TNTG lysis buffer (30 mM Tris-HCl pH7.4, 150 mM NaCl, 1% NP40, and 10% glycerol) in the presence of 1 Â protease inhibitor mixture (Sigma) at 24 h post-transfection. Total cell lysates were immunoprecipitated with appropriate antibodies for 2 h at 41C and further incubated for 2 h at 41C after adding buffer-balanced protein A agarose beads. The beads were washed three times and subjected to electrophoresis on SDS-12% polyacrylamide gel.
Site-directed mutagenesis
Plasmids coding for mutant BARF1 proteins were constructed by replacing wild-type fragments with the same fragments containing the desired mutations by PCR using Pfu polymerase (Stratagene) (Liu et al., 1997) . The primers used are as follows: C14A, 5
0 -CCGCTGCCGCCATCTCCCATG-3 0 and 5 0 -CATGGGA GATGGCGGCAGCGG-3 0 .
Cell culture and transfection HeLa cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum and 1% penicillin-streptomycin. Eighty percent confluent monolayers of HeLa cells grown on 35 mm-dishes were infected with 10 PFU of the vaccinia/T7 recombinant virus (vTF7) per cell and transfected with 0.5 mg of plasmid DNAs with 10 ml Effectene transfection reagent according to the instructions of the manufacturer (Qiagen, Germany).
Indirect immunofluorescence microscopy
Cells were grown on chamber slides, infected with vTF7 and transfected with appropriate plasmid DNAs. After washing with phosphate-buffered saline (PBS), the cells were fixed with 4% paraformaldehyde in PBS, followed by incubation with specific antiserum diluted in fluorescence dilution buffer (PBS with 5% newborn calf serum) at room temperature for 2 h. The cells were then washed with PBS and incubated with fluorescence isothiocyanate-ortetramethylrhodamine isothiocyanate-conjugated and anti-rabbit or anti-mouse immunoglobulin (DAKO) in fluorescence dilution buffer at 41C for 1 h before mounting. Confocal microscopy was performed on a Zeiss Axioplan microscope.
Western-blot analysis
After SDS-PAGE, proteins were transferred to nitrocellulose membranes (Bio-Rad) with a semidry transfer cell (Bio-Rad Trans Blot SD). The membranes were blocked overnight at 41C in blocking buffer containing 5% non-fat milk in TBST (20 mM Tis-HCl pH 7.4, 150 mM NaCl, 0.1% Tween-20), incubated with specific antiserum diluted in blocking buffer (1:500-1:2000) at room temperature for 2 h, washed three times with TBST, and incubated with horseradish peroxidase-conjugated anti-rabbit or anti-mouse immunoglobulin (DAKO) diluted in blocking buffer (1:2000) at room temperature for 1 h. The proteins were detected using the enhanced chemiluminescence (ECL) detection reagents (Amersham, UK).
Endoglycosidase digestions
Proteins in the total cell lysates or eluted from immunoprecipitation were pre-denatured in 1 Â Glycoprotein Denaturing Buffer at 1001C for 10 min. The denatured proteins were treated with PNGase F (New England Biolabs, USA) at 371C for 2 h, according to the instructions of the manufacturers. The digested proteins were separated on 12% SDS-PAGE and analyzed by Western-blotting assay.
Plasmid construction BARF1D (amino acids from 21-221) and BARF1 were amplified from the genomic DNA from B95.8 cells by PCR. The nucleotide sequences of the two primers used to generate BARF1D fragment are 5 0 -GCGAGAATTCGTCACCGCTT TCTTGG-3 0 and 5 0 -GGGATCCTTATTGCGACAAGTA TC-3 0 . The PCR fragment for BARF1D was digested with EcoRI and BamHI and cloned into EcoRI/BamHI digested pGBKT7 to generate pGBKT7-BARF1D. The PCR fragment for BARF1 was amplified by using primers 5 0 -GCAGAATT-CATGGCCAGGTTCATCGC-3 0 and 5 0 -GATCCTCGAGT TGCGACAAGTATC-3 0 , digested with EcoRI and XhoI and ligated into EcoRI/XhoI-digested pcDNAHA to generate pBARF1-HA.
Human hTid1L and hTid1S were amplified from total mRNA derived from HeLa cells by RT-PCR. The primers used to generate the PCR fragment for hTid1L were 5 0 -GCGAATTCATGGCTGCGCGGTGCTC-3 0 and 5 0 -CCG CTCGAGTGAGGTAAACATTTTCTTAAG-3 0 . The 3 0 -primer used to generate the PCR fragment for hTid1S was 5 0 -CCGCTCGAGGTTTCCAGTGGATC-3 0 . The purified PCR products were digested with EcoRI and XhoI and cloned into EcoRI/XhoI-digested pcDNAHA and pcDNA3.1( þ ) to generate phTid1L/S-HA and phTid1L/S.
The PCR fragment for TD1 was amplified by using primer 5 0 -GGGATCCCCATGGCCAAAGAAGATTATTATC-3 0 and the 3 0 primer for hTid1L. The PCR fragment for TD4 was generated by using the 5 0 primer for hTid1L and the 3 0 primer 5 0 -GACCTCGAGCACAGGGATCATCACTCGC-3 0 . The deletion constructs hTid1D2 and hTid1D3 were made by two rounds of PCR as described (Liu et al., 1997) . The primers used for hTid1D2 are 5 0 -ATTTGTACTCATAGCTACTG-GAAGGGA-3 0 and 5 0 -GTAGCTATGAGTACAAATGAAA GGG-3 0 . The primers for hTid1D3 are 5 0 -GGCTCTGCACC TGTGGGAAAAAGGGAAAT-3 0 and 5 0 -TCCCACAGGTG CAGAGCCGTAGGCATC-3 0 . All constructs were confirmed by automated nucleotide sequencing.
Results
Expression, post-translational modification and secretion of BARF1 BARF1 encodes a protein of 221 amino acids ( Figure 1a) . Analysis of its amino-acid sequence shows that the protein contains four cysteine residues, an Nterminal signal peptide and a potential N-linked glycosylation site at residue 95 ( Figure 1a) . To systematically study the expression and post-translational modification of this protein, a C-terminally HA-tagged construct (pBARF1-HA) was made and expressed in HeLa cells using the recombinant vaccinia/T7 virus expression system. Proteins in total cell lysates were separated by SDS-PAGE under either reducing or nonreducing conditions, and analyzed by Westernblotting with anti-HA antibodies (Santa Cruz). Proteins secreted to the culture medium were immunoprecipitated with anti-HA antibodies and analyzed by Western blotting with anti-HA. Under nonreducing conditions, a protein band with an apparent molecular mass of approximately 26 kDa, representing the monomer of BARF1, was observed ( Figure 1b Mutational analysis of the four cysteine residues BARF1 contains four cysteine residues at position 14, 103, 146 and 201 ( Figure 1a ). The detection of dimers and higher-order oligomers in cells expressing BARF1 under both reducing and nonreducing conditions suggests that these cysteine residues may play certain roles in the folding, oligomerization and subsequent secretion of the protein. To assess their functions, these cysteine residues were individually mutated to alanine, giving rise to the mutant constructs C14A, C103A, C146A and C201A. Expression and analysis of wild type and mutants under reducing conditions showed the detection of the 26-and 28-kDa monomers ( Figure 2a , lanes 1-5). The 50-kDa dimer was also detected in cells expressing wild type and three mutants, C14A, C103A and C201A ( Figure 2a , lanes 1-3 and 5), but not detected in cells expressing mutant C146A (Figure 2a , lane 4). The detection of dimer under reducing conditions suggests that the hydrophobic BARF1 may form oligomers via hydrophobic interaction. It also suggests that cysteine 146 may be involved in the formation of BARF1 homodimer by hydrophobic interaction, but is not involved in the formation of disulfide bond. Under nonreducing conditions, the monomers and dimers were detected in cells expressing wild type and all four mutants (Figure 2a , lanes 6-10). Significant amounts (even more abundant in some cases) of other forms that may represent different aggregation of the protein were also detected in cells expressing mutants C103A, C146A and C201A (Figure 2a, lanes 8-10) , suggesting that these residues may be involved in the folding and maturation of the protein.
The secretion of wild type and mutant BARF1 constructs was analyzed by immunoprecipitation and Western blotting. Secretion of the protein to the culture medium was detected in cells expressing wild type and mutants C14A and C103A, but not detected in cells expressing C146A and C201A (Figure 2b ). Interestingly, other abundant aggregates were detected in cells expressing these two mutants (Figure 2a , lanes 9 and 10), implying that proper folding of the protein is essential for its secretion.
Subcellular localization of BARF1
The subcellular localization of wild type and three secretion-defective mutants C146A, C201A and N95A was studied by indirect immunofluorescence. HeLa cells expressing the HA-tagged wild type and mutants were fixed with 4% paraformaldehyde at 12 h post-infection and stained with anti-HA monoclonal antibodies. In nonpermeabilized cells, positive staining was observed in cells expressing wild-type BARF1 only (Figure 3a) . No staining was observed in cells expressing all three mutants (Figure 3a) . In cells permeabilized with 0.2% Triton X-100, the protein was mainly localized to the perinuclear regions of the cells expressing wild-type and mutant constructs (Figure 3b ). The staining patterns overlap well with the ER staining patterns (Figure 3b ) shown by staining with an anti-calnexin antibody (Abcam). A time-course experiment was then carried out to study the translocation of wild type and the secretiondefective mutant N95A by incubation of the transfected cells in the presence of 100 mg/ml of cycloheximide for 30 min at 6 h post-transfection to stop new protein synthesis. The cells were then chased and fixed at 7, 10, and 16 h post-transfection, respectively, and the subcellular localization patterns were viewed by indirect immunofluorescent staining. As shown in Figure 3c , typical ER localization pattern of wild-type BARF1 was observed at 7 h post-transfection; translocation of the protein to the Golgi apparatus and the cell surface was observed at 10 and 16 h post-transfection (Figure 3c ). In cells transfected with N95A mutant, the protein was observed in the ER throughout the time-course experiment (Figure 3c ). Identification of hTid1 as a BARF1-binding protein The detection of multiple forms of aggregates that are secretion-defective in cells overexpressing wild type and several mutant BARF1 constructs and the fact that mutation of the N-linked glycosylation blocks the secretion of the protein suggest that proper folding, oligomerization and maturation are essential for the functions of the protein. To identify cellular proteins that may interact with BARF1 and potentially modulate the maturation process of the protein, cDNA sequence coding for amino acids 21-221 of BARF1 was fused with the GAL4 DNA-binding domain, giving rise to pGBKT7-BARF1D. The N-terminal signal peptide was excluded in this construct. Plasmid pGBKT7-BARF1D was then used as bait in a yeast two-hybrid system to screen a cDNA library derived from HeLa cells. Clones were selected on Trp-, Leu-, His-triple drop out medium containing 25 mM 3-aminotriazol (3-AT) and then transferred to Trp-, Leu-, His-and Ade-drop out medium. The survived clones were subjected to X-gal filter lift assay, and positive clones were verified through re-transformation using switched bait and prey constructs, re-selected by drop out medium, and re-analyzed by X-gal filter lift assay. A total of 74 positive clones were identified by this process. Sequence analysis and BLAST searches of GenBankt revealed that a clone contains partial sequence encoding amino acids 146-392 of hTid1, a human homolog of the Drosophila tumor suppressor protein Tid56. In this report, hTid1 was chosen for further analysis, as it was reported to be involved in the interaction with Hsp70 and may act as a chaperone (Cheng et al., 2001; Kim et al., 2004) .
Confirmation of the interaction between BARF1 and hTid1 by coimmunoprecipitation and colocalization studies The full-length hTid1L was cloned into pcDNA3.1 by RT-PCR. HeLa cells were cotransfected with plasmids that express HA-tagged BARF1 (pBARF1-HA) and hTid1L (pTid1L), lysates were prepared at 24 h posttransfection, and were immunoprecipitated with anti-HA antibodies. The precipitates were resolved by 12% SDS-PAGE and subjected to Western blotting using anti-hTid1 (Santa Cruz) antibodies, showing that hTid1L was detected in cells coexpressing BARF1 and hTid1L but not in cells expressing BARF1 alone (Figure 4a, lanes 3 and 4) . The same lysates were then immunoprecipitated with anti-hTid1 antibodies. Western-blotting analysis of the precipitates with anti-HA antibodies showed the detection of BARF1 protein in cells coexpressing BARF1 and hTid1L (Figure 4a , lane 8), but not in cells expressing BARF1 alone (Figure 4a , lane 7). These data confirm the yeast two-hybrid screening results that BARF1 indeed interacts with hTid1.
To further determine if the two proteins colocalize in cells, HA-tagged BARF1 and hTid1L were transfected into HeLa cells. BARF1 was detected using rabbit polyclonal anti-HA antibody and hTid1L was visualized with mouse monoclonal anti-hTid1 antibody. The results showed that both proteins were localized to the perinuclear region of the cells, and the two staining patterns coaligned well (Figure 4b ). Similar staining patterns and colocalization were also observed in cells coexpressing hTid1L and the three secretion-defective mutants C146A, C201A and N95A (Figure 4b) .
As hTid1 protein contains a mitochondria processing signal in the N-terminal region and was reported to be localized to the mitochondrial matrix (Syken et al., 1999) , we next examined if BARF1 and hTid1 colocalize in the same subcellular compartment. In this experiment, Mitotracker Deep Red (Molecular Probes) which stains the mitochondria and an ER marker were used. As shown in Figure 4c , the staining images of the two proteins were not completely merged with either marker in cells coexpressing BARF1 and hTid1L, but relatively better co-alignment of the two proteins with the ER marker was observed. These data suggest that BARF1 could sequester hTid1L to the ER.
To map the interacting domain on hTid1, three fragments covering hTid1 sequences from amino acids 149-320, 303-453 and 303-480 were cloned into the activating plasmid pACT2, and co-transformed into yeast cells with the bait construct pGBKT7-BARF1D. As shown in Figure 4c , no growth of the transformed yeast in Trp-, Leu-and His-drop out plate was observed only when fragment covering amino acids 303-480 was used. Normal growth of the transformed yeast was observed when other fragments were used (Figure 4d ). These results demonstrate that the interacting domain may locate in the region from amino acids 149-320 in hTid1L, but one additional interacting domain may exist in the region 303-453 in hTid1S.
Promotion of BARF1 maturation by its interaction with hTid1
Over the course of studying the expression of BARF1 and hTid1 and characterization of their interaction, it was noted that coexpression of hTid1 could reduce the accumulation of higher-molecular-weight aggregates of BARF1, indicating that hTid1 may be involved in the maturation of BARF1. To confirm and further characterize this observation, cells expressing either hTid1L or BARF1 alone or coexpressing two proteins were first radiolabelled with [ 35 S] methionine and cysteine. Proteins expressed in cells and secreted into the culture medium were analyzed by immunoprecipitation under mild washing conditions. To simplify the assay and meanwhile allow more precise comparison of the expression levels of the two proteins, both BARF1 and hTid1L were tagged with HA and detected by immunoprecipitation with anti-HA antibodies. As shown in Figure 5a , immunoprecipitation of total cell lysates with anti-HA antibodies showed the detection of BARF1 monomers and dimers in cells expressing BARF1 alone or coexpressing BARF1 and hTid1L (Figure 5a, lanes 1  and 2) . Interestingly, in cells expressing BARF1 alone, the majority of the species identified was at the dimer position (Figure 5a, lane 1) . However, in cells coexpressing BARF1 and hTid1L, the major species was the monomer forms ( Figure 5a, lane 2) . Similar expression levels of hTid1L were detected in cells either expressing hTid1L alone or coexpressing hTid1L and BARF1 (Figure 5a, lanes 2 and 3) . No detection of BARF1 and hTid1L in mock-transfected control cells was obtained (Figure 5a, lane 4) . Immunoprecipitation of the culture media with anti-HA antibodies showed the detection of the BARF1 monomers in the culture media collecting from cells either expressing BARF1 alone or coexpressing BARF1 and hTid1L, but the amount of the protein detected in the culture medium collecting from cells coexpressing BARF1 and hTid1L was much higher than that from expressing BARF1 alone (Figure 5a , lanes 5 and 6). 149-392, 149-320, 303-453 and 303-480 were cloned into plasmid pACT2 and co-transformed into yeast cells with the bait construct pGBKT7-BARF1 (as shown). The growth of the yeast cells on either Trp-and Leu-minus plate or Trp-, Leu-and His-minus plate is shown. Two negative controls, pGBKT7-BARF1 plus empty pACT2 and hTid1 (149-392) plus empty pGBKT7, were also included. BARF1 maturation and secretion were then analyzed by Western blotting and immunoprecipitation of nonradiolabelled total cell lysates and culture media. Western-blotting analysis of total cell lysates with anti-HA antibodies showed the detection of BARF1 monomers, dimers and other higher-order oligomers in cells expressing BARF1 alone or coexpressing BARF1 and hTid1L (Figure 5b, lanes 1 and 2) . However, detection of much more dimers and other higher-order oligomers was obtained in cells expressing BARF1 alone (Figure 5b, lanes 1 and 2) . Once again, similar expression levels of hTid1L were detected in cells either expressing hTid1L alone or coexpressing hTid1L and BARF1 (Figure 5b, lanes 2 and 3) . Immunoprecipitation of the culture medium showed the detection of the BARF1 monomers in the medium collecting from cells coexpressing BARF1 and hTid1L (Figure 5b, lane 6) ; the protein was barely detected in the same volume of the culture medium collecting from cells expressing BARF1 alone (Figure 5b, lane 5) . These results confirm that coexpression of BARF1 with hTid1 facilitates its maturation process and promotes its secretion to the culture medium.
Coexpression of hTid1L with the two secretiondefective BARF1 mutants, C146A and N95A, was then carried out to test if hTid1 can promote maturation and secretion of the mutant proteins. As shown in Figure 5c , coexpression of hTid1L did not alter the maturation process and secretion of the two mutants. Accumulation of significantly more higher-order oligomers was observed in cells expressing both mutants (Figure 5c , lanes 1-3); this was especially more obvious in cells expressing N95A (Figure 5c, lane 3) . No secretion of the two mutants to the cultured medium was observed ( Figure 5 , lanes 4-6).
Deletion analysis of hTid1 domains involved in BARF1 maturation
Four constructs, hTid1D1, hTid1D2, hTid1D3 and hTid1D4, which contain deletions of hTid1L sequences from amino acids 1-89, 81-170, 161-320 and 309-480, respectively, were made (Figure 6a) , and co-transfected into HeLa cells with BARF1. Western-blotting analysis showed that similar levels of wild type and all mutant hTid1 proteins were expressed (Figure 6b, lanes 1-7) . Immunoprecipitation and Western-blotting analysis of the culture medium showed that two deletion constructs, hTid1D3 and hTid1D4, lost the ability to promote secretion of BARF1 (Figure 6c, lane 5 and 7) .
Human Tid1 is a DnaJ protein containing a signature J domain through which it interacts with the heat shock protein 70 (Hsp70). In hTid1D2, the J domain was completely deleted, but the deleted protein could still promote the secretion of BARF1. As mutation of the H 121 P 122 D 123 motif present in the J domains was previously shown to abolish its stimulation of the ATPase activity of Hsp70 (Bork et al., 1992; Cheetham and Caplan, 1998) , a new deletion construct, hTid1DHPD, with deletion of the conserved HPD motif was constructed. Coexpression of this deletion construct with BARF1 showed the detection of similar amounts of BARF1 in the culture medium as wild-type hTid1 (Figure 6d, lane 2, 3, 7, and 8) . To further exclude the possibility that the observed promotion of BARF1 secretion by hTid1 may be a nonspecific effect, BARF1 was coexpressed with the vesicle-associated membrane 1 and 4) , C146A þ hTid1L (lanes 2 and 5) and N95A þ hTid1L (lanes 3 and 6), and harvested at 24 h post-transfection. Proteins in the total cell lysates (lanes 1-3) were separated by SDS-PAGE and analyzed by Western blot with anti-HA antibodies. Proteins in the culture medium (lanes 4-6) were immunoprecipitated with anti-HA antibodies, separated by SDS-PAGE and analyzed by Western blot with anti-HA antibodies. Numbers on the left indicate molecular masses in kilodaltons.
Maturation of EBV-encoded BARF-1 protein L Wang et al protein 8 (Vamp8), a protein involved in the secretory pathway of cells (Wang et al., 2004) , and the secretion of BARF1 to the culture medium was detected and compared with that from cells coexpressing BARF1 and hTid1L. As shown, coexpression of Vamp8 did not promote the secretion of BARF1 (Figure 6d , lane 2, 4, 7 and 9).
Further characterization of the subcellular localization of wild-type hTid1L and five deletion constructs The subcellular localization of wild type hTid1L and the five deletion constructs, hTid1D1, hTid1D2, hTid1D3, hTid1D4 and hTid1DHPD, was first determined by staining cells expressing the individual constructs with anti-hTid1 antibody (anti-His antibody in the case of hTid1D2 and hTid1DHPD, as they cannot be recognized by anti-hTid1 antibody). The cells were also co-stained with Mitotracker Deep Red. As shown in Figure 7a , the staining patterns of hTid1L, hTid1D2, hTid1D3, hTid1D4 and hTid1DHPD were overlapped reasonably well with the Mitotracker dye. However, very little coalignment with the same dye was observed in cells expressing hTid1D1 (Figure 7a) .
Coexpression of BARF1 with wild-type hTid1L and the five deletion constructs was carried out to test the effects of deletion on the colocalization of the two proteins. As shown in Figure 7b , relatively good colocalization of the two proteins was observed in cells coexpressing BARF1 with wild type hTid1, hTid1D1, hTid1D2 and hTid1DHPD, respectively. However, in cells coexpressing BARF1 with hTid1D3 or hTid1D4, very little colocalization of the two proteins was observed (Figure 7b ). These data support the conclusion that the mitochondria localization of hTid1 is not required for its interaction with BARF1, but the C-terminal region of the protein is essential for its physical and functional association with BARF1.
Discussion
EBV BARF1 gene encodes a secretory protein with transforming and mitogenic activities. In this report, detailed characterization of the biochemical properties, including post-translational modification, folding, maturation and secretion, of BARF1 protein was initially carried out by expression of the protein in mammalian cells using the vaccinia/T7 expression system. Data presented showed that the monomeric BARF1 protein migrated as three major bands with approximately molecular masses of 26, 27, and 28 kDa on SDS-PAGE under reducing conditions, suggesting that post-translational modifications may occur on the mature form of the protein. Computer-aided prediction, glycosidase treatment and site-directed mutagenesis confirmed that the protein was post-translationally modified by N-linked glycosylation and that asparagine 95 was the site for this modification. Immunofluorescent staining of cells expressing wild-type and N95A mutant BARF1 protein showed that the mutant protein failed to translocate to the Golgi apparatus and the plasma membrane. No secretion of the protein into the culture medium was detected. These results demonstrated that N-linked glycosylation of BARF1 protein is essential for the folding, subcellular translocation and efficient secretion of the protein.
BARF1 protein contains a total of four cysteine residues in its amino-acid sequence. Site-directed mutagenesis of the four cysteine residues demonstrated that cysteine residues 146 and 201 were also essential for proper folding and secretion of the protein. Under nonreducing conditions, intracellular BARF1 protein migrated as monomers, dimers and other higher-order oligomers/aggregates, whereas the secreted form was detected as almost uniform monomers. As the secreted BARF1 was shown to possess mitogenic activities, the functionally active BARF1 protein may be monomeric when analyzed by denaturing SDS-PAGE under both reducing and nonreducing conditions. This is consistent with the reported results (Sall et al., 2004; De TurenneTessier et al., 2005) . However, the secreted BARF1 protein was demonstrated to be in the macromolecular state with a molecular mass in the range of 150-240 kDa under native conditions (De Turenne-Tessier et al., 2005) . As this macromolecular complex was disassociated under denaturing conditions, it is unlikely linked by covalent bonds. The significance of dimerization/ oligomerization of BARF1 protein by the formation of interchain disulfide bonds in the biological activities of the protein is currently unclear. It is plausible that the higher-order oligomers/aggregates detected by the denaturing SDS-PAGE used in this study may represent functionally inactive BARF1 protein. On the other hand, detection of dimers from cells expressing wildtype and C14A, C103A and C201A mutants under reducing conditions suggests that the formation of BARF1 oligomers is partially due to other interactions, including hydrophobic interaction, between BARF1 -molecules. Interestingly, no detection of dimers and other oligomers was obtained in cells expressing mutant C146A under reducing conditions. However, multiple forms of aggregates were detected under nonreducing conditions in cells expressing C146A and C201A mutants. These results indicate that cysteine 146 and 201 may play essential roles in maintaining the overall conformation of BARF1 either via formation of intrachain disulfide bonds and/or by hydrophobic interaction.
In this study, overexpression of BARF1 on its own in cells was shown to induce the formation of massive aggregates/higher-order oligomers with a wide range of molecular masses. The majority of these aggregates/ oligomers formed in cells overexpressing the HA-tagged BARF1 was undetectable by immunoprecipitation with anti-HA antibody, though efficient detection of these forms was achieved by Western-blot analysis with the same antibody. This provides an additional line of supportive evidence that aggregates/higher-order oligomers may represent functionally inactive BARF1 with distorted conformation.
In an attempt to search for host proteins that may promote the folding, processing, maturation and secretion of BARF1 protein by yeast two-hybrid screening, human hTid1 protein was identified as an interacting protein of BARF1. This interaction was shown to reduce the formation of aggregates/higher-order oligomers and to promote secretion of BARF1. The specificity of this secretion-promoting effect rendered by the association of BARF1 with hTid1 was further supported by the observation that coexpression of BARF1 with Vamp8 did not affect the secretion of BARF1. These results suggest that hTid1 may act as a chaperone to facilitate the maturation process of BARF1.
Molecular chaperones are proteins that associate specifically with incompletely folded or unassembled proteins and increase the efficiency of acquiring correct three-dimensional structures of these proteins. Protein chaperones and cochaperones are usually involved in the synthesis and maturation of viral proteins (Mayer, 2005) . Human hTid1 protein was found to be able to interact with several other viral and cellular proteins (Schilling et al., 1998; Eom and Lehman, 2002; Kim et al., 2004; Schaaf et al., 2005) . As hTid1 could form complex with Hsp70 (Cheng et al., 2001; Sarkar et al., 2001; Kim et al., 2004) , attempts were made to detect the interaction between BARF1 and Hsp70. However, no direct interaction between the two proteins was detected (data not shown). As deletion of the conserved HPD motif within the J domain of hTid1 was reported to impair its association with Hsp70 (Cheng et al., 2001) , construct with the same deletion was made and coexpressed with BARF1. Interestingly, it was observed that, similar to the results obtained from coexpression of BARF1 and hTid1D2 (with deletion of the whole J domain), deletion of this motif did not affect the secretion-promoting activity of the hTid1 protein, implying that association of hTid1 with Hsp70 may be not necessary for the involvement of hTid1 in the maturation and secretion of BARF1. At present, however, we cannot rule out the possibilities that BARF1, hTid1, and Hsp70 might be able to form a weak multi-protein complex, and that other chaperone proteins may be also involved.
Deletion studies revealed that two domains located at amino acids 149-320 and 303-453, respectively, in hTid1S may contribute to its interaction with BARF1. As the extreme C-terminal region of hTidL may block the binding of the second domain to BARF1, it is likely that only the first domain from amino acids 149-320 is responsible for the interaction of hTid1L with BARF1. However, the full-length hTid1L showed similar binding affinity as hTid1S, and both isoforms could promote the secretion of BARF1. Coexpression of two deletion mutants of hTid1L, hTid1D3 and hTid1D4, with BARF1 showed that no enhanced secretion of BARF1 was detected. Instead, they may have certain inhibitory effect on the secretion of BARF1. These results indicate that binding of hTid1 to BARF1 per se is not sufficient to promote secretion of BARF1. To reinforce this conclusion, it was observed that all three secretiondefective BARF1 mutants were able to interact with hTid1. However, this interaction cannot restore the secretion of the mutant proteins even in the presence of hTid1.
Human Tid1 was shown to be localized to the mitochondria and its function as a chaperone is also associated with this localization pattern (Cheng et al., 2001; Sarkar et al., 2001) . The presence of BARF1 protein partially sequesters hTid1 from the mitochondria to the ER. In fact, the hTid1 protein is not completely merged with a mitochondria marker even when it was expressed on its own. Interestingly, deletion (hTid1D1) that removes the mitochondria-localization signal did not affect the secretion-promoting activity of hTid1. On the contrary, deletions (hTid1D3 and hTid1D4) that maintain the mitochondria-localization signal but abrogate the association of hTid1 with BARF1 abolished the secretion-promoting activity of hTid1. Coincidently, when BARF1 was coexpressed with wild type hTid1, hTid1D1, hTid1D2 and hTid1DHPD, respectively, the two proteins were found to assume ER-and/or Golgi-localization patterns and the staining patterns of the two proteins are largely overlapped. When hTid1D3 or hTid1D4 was coexpressed with BARF1, however, very little co-alignment of the staining patterns of the two proteins was found. It suggests that physical association between BARF1 and hTid1 that sequesters the later to the ER and/or the Golgi apparatus would be a prerequisite for the functional interaction of the two proteins. In conclusion, this study has revealed a mitochondria-independent function of hTid1 protein that is essential for promoting the maturation and secretion of a viral transforming and mitogenic protein.
